Introduction 8 16b::tagrfp pPD118.33 (myo-2::gfp)]}, AGK725 {zfp-1(ok554)III; pdk-1(sa709)X; armEx257
[pdpy-7::daf-16b::tagrfp pPD118.33 (myo-2::gfp)]}, AGK 721 {rde-4(ne299) III;  armEx257 [pdpy-7::daf-16b ::tagrfp pPD118.33 (myo-2::gfp)]}, AGK688 {rde-4(ne299)III; tph-1::gfpIV; armEx273 [pdpy-7::rde-4::tagrfp pPD118.33 (myo-2::gfp)]} (Line 1 in this paper), AGK689 {rde-4(ne299)III; tph-1::gfpIV; armEx274 [pdpy-7::rde-4::tagrfp pPD118.33 (myo-2::gfp)]} (Line 2 in this paper), AGK690 {rde-4(ne299) III; ::tagrfp pPD118.33 (myo-2::gfp)]} (Line 3 in this paper).
Molecular Biology and Transgenic Lines
Standard molecular biology techniques were used to construct transgenes. Germline transformation was performed by direct injection of various plasmid DNAs into the gonads of adult wild type animals as described (MELLO et al. 1991) . -7 (GILLEARD et al. 1997) promoter was obtained by PCR with N2 genomic DNA as a template. The dpy-7 promoter was amplified with the forward primer containing a SphI site 5′-GTTATTGCATGCTCCACGATTTCTCGCAACACATCCC-3′ and the reverse primer containing a SalI site 5′-GCGTCGGTCGACAAAGAACAGGGTGTGATAAATGAAT-3.′ DNA was inserted into a modified Fire Kit vector pPD95.75, in which we replaced the GFP with a TAGRFP sequence using the KpnI/EcoRI sites. Pdpy-7::rde-4::tagrfp was generated by inserting a SphI/SalI dpy-7 fragment and BamHI/KpnI rde-4 cDNA fragment into our modified pPD95.75 vector. The resulting pdpy-7::rde-4::tagrfp transgene was injected at 2.5 ng/µl with the co-injection marker pPD118.33 (myo-2::gfp) at 2.5 ng/µl. Tissue-specific GFP or TagRFP expression was confirmed using Nomarski and fluorescence microscopy.
Visualization of the HSN neurons
The HSN neurons were detected by staining adult hermaphrodites with rabbit anti-serotonin (Sigma) as previously described (GARRIGA et al. 1993) or by using the zdIS13 [tph-1::gfp] or otIs225 [cat-4::gfp] transcriptional reporters.
Microscopy and quantification
Live animals or embryos were mounted on 2% agarose pads and immobilized with 25 mM sodium azide (Sigma). Worms were examined using a Zeiss AxioImager Z1. All phenotypes were scored as percent animals with at least one undermigrated HSN and results are presented as stacked bar graphs to represent the proportion of HSNs in positions along the A-P body axis in these animals. When one or both HSN cell bodies were located posterior to their normal position near the vulva in adult animals, the animal was scored as mutant. The colored stacks within each column on the graphs presented throughout this study represent the severity of migration of
HSNs along the A-P axis within only those animals containing at least one undermigrated HSN. Thus, since there are two HSNs within each animal and not every HSN is undermigrated, a colored region could represent a HSN that remains unaffected in the animal, i.e. the pink color in the graphs; while the other HSN within the same animal is undermigrated (one HSN must be affected for an animal to be included in the graph) and therefore represented by the reddish/purple, green or blue color. Statistical significance was calculated using the z-test.
RNA extraction and RT-PCR. RNA extraction and reverse transcriptase PCR (RT-PCR) was carried out as described previously (MANSISIDOR et al. 2011) . The following primers were used to detect the pdk-1 transcript: 5′-CCTACAGCCAGGTATTCCG-3′ (forward) and 5′-GATCACGAAATAAATTCTAGCCTGG-3′ (reverse).
Results

C. elegans ZFP-1/AF10 regulates the migration of the HSNs
In our recent study (KENNEDY et al. 2013) , we showed that insulin/IGF-1-PI3K signaling modulates the activity of the DAF-16/FOXO transcription factor in the hypodermis to nonautonomously regulate the anterior migrations of the two bilaterally symmetric HSNs during embryogenesis of C. elegans. With the discovery that ZFP-1 negatively regulates pdk-1, a component of the IIS pathway, via direct repression of pdk-1 transcription (MANSISIDOR et al. 2011) , we were prompted to investigate the connection between ZFP-1 and IIS during HSN migration. We found that the zfp-1(ok554) loss-of-function mutant (CUI et al. 2006; AVGOUSTI et al. 2013; CECERE et al. 2013 ) and a zfp-1(op481) mutant (GYSI et al. 2013) , both of which lead to the generation of mRNAs that contain premature stop codons after the PHD fingers, display HSN undermigration defects ( Figure 1A -C). We used a tryptophan hydroxylase GFP reporter (tph-1::gfp) that marks the HSNs in adult animals for scoring the migration phenotype.
The zfp-1(op481) allele was originally isolated in a mutagenesis screen performed to identify genetic enhancers of a null mutation in the heparan sulfate proteoglycan core protein, SDN-1, which is involved in D-type motor axon guidance (GYSI et al. 2013) . Moreover, the op481 allele was shown to exhibit an identical axon guidance phenotype as the ok554 allele of zfp-1 (GYSI et al. 2013) . Surprisingly, however, the axon guidance phenotype in the zfp-1(ok554); sdn-1(zh20) double mutant was dependent upon the presence of the integrated transgene used to visualize the axon guidance defects (GYSI et al. 2013) . Therefore, to exclude the possibility that the tph-1::gfp transgene was enhancing or causing the zfp-1 mutant undermigration phenotype, we stained wild type worms and zfp-1 mutant worms with an antiserotonin antibody (GARRIGA et al. 1993) . The extent of HSN undermigration was similar in stained and transgenic worms, thereby ruling out the above possibility ( Figure S1A -C). These results also suggest that ZFP-1 specifically affects the process of HSN migration, rather than cell fate, since all undermigrated HSNs showed expression of the neurotransmitter serotonin, a late step in HSN maturation (DESAI et al. 1988) . Therefore, the phenotype of the zfp-1 loss-offunction mutant is similar to the HSN defects that we observed in daf-16 null mutants (KENNEDY et al. 2013) .
The long isoform of ZFP-1 is required for HSN migration There are two isoforms of the ZFP-1 protein ( Figure 1D ): a long isoform that contains two PHD fingers, an octapeptide motif (OM) and a leucine zipper motif (LZ), and a shorter isoform that lacks the PHD fingers but retains the OM and LZ (AVGOUSTI et al. 2013) . The OM-LZ motifs present in both the long and short isoforms have been shown to be required for MLL-AF10 mediated oncogenesis (DIMARTINO et al. 2002) , whereas the PHD fingers present in the long isoform of ZFP-1 have recently been shown to be required for early development of C.
elegans independent of the OM-LZ motifs (AVGOUSTI et al. 2013) . Moreover, it was demonstrated that the long isoform of ZFP-1 is preferentially expressed in the germline and embryos and that the short isoform is highly expressed at larval stages (AVGOUSTI et al. 2013) .
Also, there is evidence that the long isoform of ZFP-1 binds to the pdk-1 promoter during embryogenesis, when HSN migration takes place (AVGOUSTI et al. 2013) . Therefore, we sought to determine if the long isoform of ZFP-1 was required for HSN migration.
First, we made use of two different zfp-1 fosmid constructs that express recombinant ZFP-1 protein isoforms tagged with either GFP or FLAG at the C-terminal portions of the proteins (MANSISIDOR et al. 2011 ) ( Figure 1D ) to rescue the zfp-1(ok554) HSN undermigration phenotype. These constructs contain all the regulatory sequences present at the zfp-1 locus and recapitulate endogenous patterns of expression of ZFP-1 isoforms (AVGOUSTI et al. 2013) . We found that both fosmid constructs significantly rescued the HSN undermigration defects present in the zfp-1(ok554) mutant ( Figure 1E ). Next, to clarify which isoform(s) were required for rescue we made use of another zfp-1 fosmid that introduces a FLAG tag downstream of the PHD fingers followed by a stop codon, thereby leaving only the larva-enriched short isoform intact (AVGOUSTI et al. 2013 ) ( Figure 1D ). In contrast to the fosmids that express both isoforms, this construct was unable to rescue the HSN undermigration defects present in the zfp-1 mutant ( Figure 1E ). Moreover, overexpressing the N-terminal fragment of the ZFP-1 long isoform (PHD1-PHD2::FLAG), which is identical to the truncated fragment retained in the zfp-1(ok554) mutant ( Figure 1D ) (AVGOUSTI et al. 2013) , in the zfp-1(ok554) mutant background does not affect the penetrance of the HSN undermigration phenotype ( Figure 1E ). This result indicates that the residual fragment expressed in the zfp-1(ok554) mutant does not have neomorphic properties responsible for the HSN migration phenotype observed in the zfp-1(ok554) mutant, because increased dosage of the fragment does not lead to increased severity of the phenotype.
On the contrary, previously reported data demonstrate that reducing the dosage of the PHDfinger domain is lethal (AVGOUSTI et al. 2013) . Importantly, it was also previously shown that the lethality of animals containing one copy of the zfp-1(ok554) allele placed in trans to a deficiency chromosome (nDf17) was rescued by the fosmid expressing the PHD finger region (PHD1-PHD2::FLAG) (AVGOUSTI et al. 2013) , which indicates that the transgenic construct PHD1-PHD2::FLAG is functional. Combined, these results indicate that the short isoform or the increased dosage of the PHD1-PHD2 portion of the long isoform are not sufficient to rescue the HSN migration defects present in the zfp-1(ok554) mutant and that the presence of the long isoform containing both the PHD fingers and the C-terminus of the protein is required for proper HSN migration.
ZFP-1 works both in parallel and through DAF-16 to control HSN migration
ZFP-1 has been shown to negatively regulate pdk-1 expression at multiple developmental stages (MANSISIDOR et al. 2011) , including the embryo (Figure 2A ). To determine whether the HSN undermigration phenotype present in zfp-1 loss-of-function mutants was due to a derepression of pdk-1 and increased IIS leading to decreased nuclear DAF-16 activity ( Figure 2B ), we performed epistasis analysis between zfp-1 and IIS pathway components. First, we created a double mutant strain between zfp-1(ok554) and the null allele daf-16(mu86) (LIN et al. 1997 ) to establish whether DAF-16 is the sole output of ZFP-1 involved in HSN migration. We observed a significant enhancement of the daf-16(mu86) HSN undermigration phenotype, indicating that the undermigration phenotype caused by a loss of zfp-1 activity may not be due exclusively to decreased DAF-16 activity ( Figure 2C ).
Next, we asked whether or not the HSN undermigration defects in zfp-1(ok554) could be contributed, in part, to reduced DAF-16 activity due to increased pdk-1 expression. We performed epistasis analysis between the pdk-1(sa709) loss-of-function mutant (PARADIS et al. 1999; MANSISIDOR et al. 2011 ) and the zfp-1(ok554) mutant to determine whether decreasing pdk-1 expression in the zfp-1 mutant background could suppress the HSN undermigration defects. We observed full suppression of the HSN undermigration defects in the double mutant ( Figure 2D ), suggesting that repression of pdk-1 by ZFP-1 plays a significant role in regulating HSN migration.
In order to further demonstrate that enhanced IIS in the zfp-1(ok554) mutant is responsible for inhibiting HSN migration we also performed epistasis analysis between zfp-1(ok554) and age-1(hx546)/PI3K reduction-of-function mutants (FRIEDMAN and JOHNSON 1988; TISSENBAUM and RUVKUN 1998) . Similar to our analysis of pdk-1 and zfp-1 mutants we also observed a full suppression of HSN undermigration defects in age-1; zfp-1 double mutants ( Figure 2E ). To determine whether the suppression of the zfp-1 mutant phenotype in IIS pathway mutants was due to a release of DAF-16 inhibition, we created a triple mutant: daf-16(mu86);
age-1(hx546); zfp-1(ok554) to remove daf-16 activity from the age-1; zfp-1 double mutant. We determined that a loss of daf-16 activity in the age-1; zfp-1 double mutant background now prevented the suppression of the zfp-1(ok554) mutant phenotype by age-1(hx546) ( Figure 2E ).
Together, these results suggest that the negative regulation of the IIS pathway by ZFP-1 contributes to the control of HSN migration in a DAF-16-dependent manner.
Since the phenotype of the zfp-1(ok554) allele is fully suppressed by mutations in pdk-1
and age-1 ( Figure 2D-E) , we can attribute the HSN undermigration seen in the zfp-1(ok554) mutant solely to reduced DAF-16 activity. However, the genetic enhancement observed in the daf-16; zfp-1 double mutant reveals an additional function for ZFP-1 in parallel to DAF-16, which becomes more essential for proper HSN migration in the absence of DAF-16. Given that both DAF-16 and ZFP-1 regulate transcription, it is likely that they are involved in the regulation of common downstream target genes, which ultimately affect HSN migration.
zfp-1(ok554) limits DAF-16 nuclear localization in the embryonic hypodermis
To investigate the effect of the negative regulation of pdk-1 by ZFP-1 on DAF-16 subcellular localization during HSN migration, we examined expression of the DAF-16b::TagRFP protein from a transgene driven by the dpy-7 hypodermal promoter (KENNEDY et al. 2013 ) in the zfp-1(ok554) mutant background. Previously, we showed that DAF-16 localizes to the hypodermal nuclei in the embryo to promote HSN migration (KENNEDY et al. 2013) . Therefore, we reasoned that if negative regulation of pdk-1 by ZFP-1 during HSN migration contributes to inhibition of IIS to promote nuclear DAF-16 activity, then, in the zfp-1 mutant, nuclear localization of DAF-16 should be affected. We find that in the wild type background, hypodermally-expressed DAF-16 is predominantly nuclear during the comma, 1.5-and 2-fold stages, when HSN migration is occurring (SULSTON et al. 1983; PAN et al. 2006) , and then it becomes cytoplasmically and/or perinuclear-localized by the 3-fold stage ( Figure 3A , left panels). In fact, we have recently reported the finding that dynamic nuclear localization of DAF-16 takes place in the embryonic hypodermal tissue during normal development (KENNEDY et al. 2013 ). In the zfp-1(ok554) mutant background, although hypodermally-expressed DAF-16 is initially nuclear-localized during the comma and 1.5-fold stage ( Figure 3A , right panels), it becomes restricted from the nucleus prematurely by the 2-fold stage ( Figure 3A , right panels).
This result suggests that the change in DAF-16 nuclear localization at the 2-fold stage is responsible for the HSN migration defects observed in the zfp-1(ok554) mutant.
As predicted by our epistasis analysis between pdk-1 and zfp-1 for the HSN undermigration phenotype ( Figure 2D ), the pdk-1(sa709) loss-of-function mutant also suppresses the change in DAF-16 nuclear localization in zfp-1(ok554) mutant embryos ( Figure 3A -B, right panels). First, we confirmed that, consistent with a release of DAF-16 nuclear inhibition under conditions of reduced insulin/IGF-1 signaling, the DAF-16 nuclear localization is more prominent in the pdk-1 (sa709) loss-of-function mutant compared to wild type embryos ( Figure   3A -B, left panels). Specifically, we find that DAF-16 remains nuclear localized throughout the 3-fold stage in 30 out of 72 pdk-1(sa709) embryos (42%) ( Figure 3B , left panels) compared to 0 out of more than 80 wild type embryos ( Figure 3A , left panels). Next, we determined that in zfp-1(ok554); pdk-1(sa709) double mutant 2-and 3-fold embryos that the sub-cellular localization of DAF-16 is shifted towards greater nuclear localization when compared to the zfp-1(ok554) single mutant ( Figure 3A -B, right panels). The loss-of-function pdk-1 mutant does not fully suppress the absence of DAF-16 nuclear localization observed in zfp-1(ok554) 2-fold embryos ( Figure 3A , right panels) when compared to localization in wild type embryos at this stage ( Figure 3A , left panels), since both nuclear and cytoplasmic localization is often observed in the same embryo in zfp-1(ok554); pdk-1(sa709). However, we reason that even partial restoration of nuclear localization of DAF-16 at the 2-fold stage in the zfp-1(ok554) mutant is sufficient to activate downstream DAF-16 target genes required for HSN migration. We also note that a significant number (33%) of zfp-1(ok554); pdk-1(sa709) embryos exhibit the persistence of nuclear DAF-16 at a 3-fold stage ( Figure 3B , right), which is consistent with pdk-1(sa709) being epistatic to zfp-
1(ok554).
In total, these results suggest that ZFP-1 functions nonautonomously in the hypodermis to negatively regulate IIS and modulate DAF-16 nuclear localization during the time of HSN migration. Consistently, we also find that the cDNA of the long isoform of zfp-1 fused to GFP driven by the unc-86 promoter, which is expressed in a subset of neurons including the HSN (BAUMEISTER et al. 1996) , does not rescue the HSN undermigration defects seen in zfp-1(ok554) mutants ( Figure S2A-B) . Interestingly, a conserved microRNA has also been recently reported to function nonautonomously in the hypodermis to regulate genes required for proteoglycan biosynthesis to ensure proper HSN migration (PEDERSEN et al. 2013) . Overall, the action of ZFP-1 in controlling DAF-16 dynamics in the hypodermis that we describe here complements well our earlier findings of the nonautonomous roles of both DAF-16 and DAF-18 (PTEN) in regulating HSN migration ( Figure 2B ) (KENNEDY et al. 2013 ).
RNAi factors RDE-4, DRH-3 and CSR-1 regulate HSN migration
A genome-wide expression study has revealed that ZFP-1 and RDE-4, a dsRNA binding protein required for the initiation of exogenous RNAi (PARRISH and FIRE 2001; TABARA et al. 2002) , regulate close to 250 overlapping genes (GRISHOK et al. 2008) . Consistent with this finding, both RDE-4 and ZFP-1 have been shown to affect longevity and the stress response by negatively regulating the conserved IIS kinase pdk-1 (MANSISIDOR et al. 2011) . Therefore, we examined a null allele of rde-4 (TABARA et al. 2002) , as well as mutants in 11 other RNAi components that represent multiple small RNA pathways (i.e. CSR-1, WAGO, ERI, microRNA, nuclear and exogenous RNAi) (reviewed in GRISHOK 2013) for defects in HSN migration (Table 1) . We crossed RNAi mutants to a tph-1::gfp reporter strain and identified three mutants that display HSN migration defects: rde-4(ne299) null mutant (TABARA et al. 2002), drh-3(ne4253) loss-of-function mutant (GU et al. 2009) , and a csr-1(tm892) partially rescued strain (CLAYCOMB et al. 2009) (Table 1 and Figure 4A-B) . Strikingly, the highest percentage of undermigration defects was observed in rde-4 null mutants, with almost all affected animals exhibiting migration defects in both HSNs, as shown by the relatively small proportion of HSNs in the wild type position ( Figure 4B , pink stack on column). Also, in addition to the undermigration defect observed in 16% of the drh-3(ne4253) mutant animals ( Figure 4B ), we also noted a smaller percentage of animals with an overmigration defect (approximately 9%). drh-3 encodes a dicerrelated helicase, which participates in multiple endogenous RNAi pathways in C. elegans (GU et al. 2009 ), and csr-1 encodes an Argonaute, which binds 22G-RNAs antisense to protein-coding genes (CLAYCOMB et al. 2009; GU et al. 2009) . Consistent with only a reduction-of-function in the drh-3 and csr-1 mutants, fewer animals exhibited HSN undermigration defects compared to the rde-4 null mutant ( Figure 4B ). We used a drh-3 loss-of-function allele since null mutants are infertile (GU et al. 2009 ). Since csr-1(tm892) mutants are also sterile, we used a partially rescued transgenic strain, where CSR-1 is expressed in the germline to produce 38% viable progeny (CLAYCOMB et al. 2009 ) that we could analyze for migration defects.
To further confirm that the HSN undermigration defect we observed in rde-4 null mutants is due to mutations in rde-4 and not to the background of the strain, we placed the rde-4(ne299) allele over a deficiency allele, nDf17, which is balanced by chromosome qC1 [dpy- et al. 2006) . We crossed rde-4(ne299) males to nDf17/qC1 animals and scored F1 animals for HSN migration defects. We determined the genotypes of the F1 animals by the presence or absence of the qC1 phenotypes, which are dumpy and sterile, unchanged when compared to wild type embryos (see Figure 3A , left panels). It remains
19(e1259) glp-1(q339)] (EDGLEY
